Aggresomes are inclusion bodies for misfolded/aggregated proteins. Despite the role of misfolded/ aggregated proteins in neurological disorders, their role in cancer pathogenesis is poorly defined. In the current study we aimed to investigate whether aggresomes-positivity could be used to improve the disease subclassification and prognosis prediction of pediatric medulloblastoma. Ninety three pediatric medulloblastoma tumor samples were retrospectively stratified into three molecular subgroups; WNT, SHH and non-WNT/non-SHH, using immunohistochemistry and Multiplex Ligation Probe Amplification. formation of aggresomes were detected using immunohistochemistry. overall survival (oS) and event-free survival (EFS) were determined according to risk stratification criteria. Multivariate Cox regression analyses were carried out to exclude confounders. Aggresomes formation was detected in 63.4% (n = 59/93) of samples. Aggresomes were non-randomly distributed among different molecular subgroups (P = 0.00002). Multivariate Cox model identified aggresomes' percentage at ≥20% to be significantly correlated with patient outcome in both OS (HR = 3.419; 95% CI, 1.30-8.93; P = 0.01) and EFS (HR = 3; 95% CI, 1.19-7.53; P = 0.02). The presence of aggresomes in ≥20% of the tumor identified poor responders in standard risk patients; OS (P = 0.02) and EFS (P = 0.06), and significantly correlated with poor outcome in non-WNT/non-SHH molecular subgroup; OS (P = 0.0002) and EFS (P = 0.0004).
autophagy 15 . Accumulation of misfolded proteins is a pathological feature common to many neurodegenerative diseases, including Parkinson's disease, Alzheimer's disease, Huntington's disease, and amyotrophic lateral sclerosis 15, 16 . In cancer, aggresome formation is limited to certain tumor types, and their relationship to cancer pathogenesis is yet to be elucidated 14, 17, 18 . We have recently identified aggresomes in choroid plexus carcinoma (CPC) tumors 19 . The detection of aggresomes in CPC rather than the benign variant; choroid plexus papilloma (CPP) suggested that is a feature associated with the tumor aggressiveness 19 . Therefore, we decided to examine their presence and assess their prognostic value in other pediatric brain tumors primarily aggressive subtypes. One of the most common pediatric malignant brain tumors is medulloblastoma (MB) 20, 21 . MB encompasses 3 main histological variants; classic, desmoplastic nodular/desmoplastic with extensive nodularity (D/N) and large cell/ anaplastic (LC/A) 22 . Historically, risk stratification relied on clinicopathological variables including age, presence of metastases, extent of resection and histological subtypes 23, 24 . Accordingly, MB patients at the age of 3 years and above are assigned to one of two risk groups according to Chang's staging system, namely; standard risk (SRMB) (classic or desmoplastic histology, non-metastatic and total or near-total resection with a residual tumor less than 1.5 cm), or high-risk (HRMB) (large cell/anaplastic, classic with focal anaplasia histology, metastatic or subtotal resection >1.5 cm) 25 . MB patients at an age of less than 3 years old are assigned to an infant medulloblastoma (InfMB) risk group 26 . In recent years, extensive genomic studies of MB tumors identified 4 molecular groups termed Wingless (WNT), Sonic Hedgehog (SHH), Group 3 and Group 4 [27] [28] [29] . While specific pathways are altered in both WNT and SHH MBs, Group 3 and Group 4 gene expression signatures are still somewhat ambiguous and may be combined into "non-WNT/non-SHH" subgroup 26, 30 . These molecular subgroups differ in the cell of origin, genetic mutations, epigenetic and phenotypic profiles 27, 30, 31 . The combined use of both clinical and molecular classification provides superior risk stratification, and subsequently impacts treatment options 30 . Despite intensive molecular characterization of MB tumors, many patients progress or relapse on current treatment strategies, especially patients stratified as non-WNT/non-SHH 30, 31 . In the current study we describe the characterization of aggresomes in pediatric MB tumors. We report that aggresomes are independent prognostic factor. Hence we propose that screening for aggresomes in pediatric MB tumor samples can be integrated with molecular stratification to establish a better model for predicting patients' outcome.
Results
Patients' characteristics. Immunohistochemistry (IHC) analysis was used to stratify MB tissue samples into three molecular subgroups; WNT, SHH or non-WNT/non-SHH ( Supplementary Fig. 1A , Supplementary  Table 1 ). Multiplex Ligation Probe Amplification Dosage Quotient (MLPA DQ) was used to identify tumors with monosomy 6 and thus further confirm the WNT molecular subgroup ( Supplementary Fig. 1B ). Clinical characteristics of patients based on molecular stratification are listed in (Table 1) . For clinicopathological criteria, all 93 patients were included in the analysis. Reference histology, age at diagnosis, and metastatic stage were found to be non-randomly distributed among the molecular subgroups (p-values of 0.0001, 0.001, and 0.001, respectively). characterization of aggresomes in MB. To (59/93) representing 63.4% of tumor samples ( Fig. 1A , Supplementary Table 1 ). For aggresome-positive tumors, aggresomes were either localized to interstitial cells between nodules as seen in D/N tumors, or uniform throughout all tissue section as seen in classic and LC/A tumors ( Fig. 1A) . CCHE-188 cell line was developed from an aggresomes-positive MB tumor sample in which aggresomes were detected in 25% of cultured cells ( Fig. 1B ). Cell pellet from CCHE-188 cells was compared to the original tumor and was found to have similar percentage of aggresomes, hence confirming that they are inherent structures of aggresome-positive tumor cells ( Supplementary Fig. 2 ). Additionally, HDAC6 colocalized with vimentin only in aggresomes-positive cells ( Fig. 1B ). Upon examination of aggresome percentage in the tumor samples, it was found to be correlated with molecular subgroups (P = 0.00002) but not with histological variants (Fig. 1C ).
Association of aggresomes with clinical outcome of MB patients.
To perform the survival based cut-off determination, aggresomes' percentage was dichotomized into 5%, 10%, 20%, 30% and 60% and both time dependent area under the curve (AUC) and C-index were calculated (Supplementary Table 2 ). Accordingly, the 20% cut-off exhibited the best discriminatory value, hence subsequent analysis was performed using this cut-off. Univariate Cox proportional hazards analysis was performed with all risk factors and ≥20% of aggresomes ( Table 2) . Histological variants; OS (P = 0.007) and EFS (P = 0.04), molecular subgroups; OS (P = 0.08) and EFS (P = 0.05), and aggresomes' percentage ≥20%; OS (P = 0.06) and EFS (P = 0.2), were found to have the highest significant impact on prognosis ( Supplementary Fig. 3 ). Multivariate Cox model was then performed to identify relationships between risk factors and prognosis (Table 3) . Interestingly, aggresomes were found to have the most significant correlation with patient outcome in both OS (P = 0.01) and EFS (P = 0.02) as well as molecular subgroups; SHH OS (P = 0.06) and EFS (P = 0.03), WNT OS (P = 0.04) and EFS (P = 0.03), and non-WNT/ non-SHH OS (P = 0.0002) and EFS (P = 0.0004). On the other hand, histological variants did not maintain their prognostic value (Table 3 ). Further evaluation of aggresomes' percentage within the three risk groups showed that aggresomes' percentage ≥20% identified patients with poor outcome only in SRMB OS (P = 0.02) and EFS (P = 0.06) ( Fig. 2 ). However, there was no impact on both InfMB; OS (P = 1) and EFS (P = 0.3), and HRMB; OS (P = 0.1) and EFS (P = 0.2) patients ( Supplementary Fig. 4 ).
Aggresomes increase the molecular stratification predictability of patients' outcome. Next,
we determined the discriminatory power of aggresomes within molecular subgroups. Using C-index and time-dependent AUC, the 20% cut-off of aggresomes within molecular subgroups was found to improve outcome prediction compared to aggresomes independently (Supplementary Table 2 ). Furthermore, patients with aggresomes' percentage ≥20% were significantly associated with poor outcome in non-WNT/non-SHH subgroup; OS (P = 0.0002) and EFS (P = 0.0004) ( Fig. 2 ). However, molecular stratification was found to have a comparable discriminatory power (Supplementary Table 2 ). When stratifying patients first based on aggresomes' percentage followed by molecular stratification, the predictive power of molecular marker increased in both OS (P = 0.001) and EFS (P = 0.0008) ( Fig. 3 , Supplementary Table 2 ). As for patients with aggresomes' percentage <20%, the predictive value of molecular subgroups remained unaffected OS (P = 0.21) and EFS (P = 0.21) ( Fig. 3 , Supplementary Table 2 ).
Discussion
In normal cells, aggresomes are transient juxta-nuclear structures which serve to eliminate defective aggregated proteins from accumulating in the cytoplasm 13, 32 . Studies that investigate the underlying impact of aggresomes accumulation in cancer cell are rare. However, in multiple myeloma (MM), lymphoma and pancreatic cancer, aggresomes were detected following treatment with proteasome (Bortezomib) or deubiquitinase inhibitors (WP1130) 17, 33 . These findings suggested that aggresomes formation is exploited by cancer cells to confer drug resistance and evade apoptotic signals caused by the impairment of the ubiquitin-proteasome axis 17, 18, 33, 34 . Furthermore, we have previously reported the presence of aggresomes in CPC tumors 19 . Aggresomes were inherently part of the tumor prior to therapy, suggesting that their presence may provide a survival advantage to tumor cells 19 . MB is the most common malignant brain tumor of childhood, with complex risk stratification that includes; histology, age at diagnosis, and size of residual tumor after surgical resection 26 . Advances in high throughput molecular profiling identified 4 distinct molecular signatures that guided clinical decision 27, 29 . However, in a recent study, where over 700 pediatric MB patients were molecularly profiled, the authors identified 7 molecular subgroups 35 . While WNT remained the same, SHH, Group 3 and Group 4 were split into high-risk and low-risk groups, hence reflecting high degree of heterogeneity at the molecular level 35 . Such heterogeneity brings an additional challenge to our understanding of the biology of the disease and the impact on treatment options 35, 36 .
To determine if aggresomes are present in MB and examine their prognostic role, we screened 93 MB tumors retrospectively stratified into three molecular subgroups. Aggresomes were detected in all histological variants and were significantly associated with molecular subgroups. Furthermore, CCHE-188 cell line maintained aggresomes in 25% of the cells, similar to its parent tumor. This observation suggests that aggresomes are asymmetrically inherited. The exact reason for aggresome formation in MB is not yet known. However, their formation could be viewed as cellular response to maintain proteostasis. The colocalization of HDAC6 with vimentin only in aggresome-positive cells, supports the premise of the cytoprotective role of aggresomes by clearance of cytoplasmic misfolded/aggregated proteins and avoid proteotoxicity 37, 38 .
Aggresomes' percentage ranged from 1 to over 80% of tumor cells without prior knowledge to the cut-off value that should be used to determine its prognostic value. Therefore, we tested different cut-off values and found that the 20% cut-off provided the best discriminatory effect using AUC and C-index. On the contrary, the 30% and 60% cut-offs did not provide similar or higher AUC or C-index values. This may be attributed to lower number of patients in these two groups coupled with the molecular diversity of MB. Therefore, higher number of patients may be required to further test if the increase in aggresomes' percentage may have a significant impact on prognosis. Upon examining all risk factors by univariate Cox proportional hazards analysis, histological variants were found to be the main contributor to both OS and EFS. Notably, molecular subgroups were only significant in EFS, while aggresomes' percentage at ≥20% had a near significant impact on patients' OS. When addressing the histology, molecular subtypes, age, and aggresomes' percentage in multivariate analysis, aggresomes' percentage ≥20% was the leading predictor of poor outcome. Moreover, WNT and SHH molecular subgroups predicted better patients' outcome in OS and EFS. This affirmed previous studies where histology was not an adequate predictor of patients' outcome, since each variant was comprised of different molecular entities. The importance of aggresomes in segregating patients with poor OS was also evident among standard risk patients. Since molecular subgroups are integrated into current patients risk stratification algorithm, we examined the effect of stratifying patients based on aggresomes' percentage within each molecular subgroup. While patients with aggresomes' percentage ≥20% had worse outcome in all molecular subgroups, only patients within the non-WNT/non-SHH subgroup had significantly lower OS and EFS. Stratifying patients into 2 groups according to aggresomes' percentage within the tumor, followed by molecular stratification, increased the predictability of patients' outcome. Moreover, molecular hierarchy was maintained where WNT and SHH subgroup patients had better outcome compared to non-WNT/non-SHH. On the other hand, there was no significant difference in patients' outcome within the group with aggresomes' percentage <20%. In addition to being an independent risk predictor, the inclusion of aggresomes as an initial screening step prior to molecular classification would significantly empower the prognostic value of the established molecular classification of MB patients.
While clinical based risk stratification was historically used to tailor treatment strategies, the integration of molecular signatures potentially provided a superior assessment to categorize patients and further improve treatment options. It must be noted that the molecular characterization techniques are very costly in terms of infrastructure and operation, making their integration into routine operation practically formidable, particularly in limited-resources and high patient-volume settings. This warrants the need for a simple, cost-effective prognostic tool. We believe that our results are encouraging to incorporate aggresomes assessment in the initial classification algorithm for MB, and is worth investigation in other studies with larger cohorts. Board for Human Research (IRB). None of the patients had previously received chemotherapy or radiotherapy. Choice of tissue blocks was based on the presence of adequate tissue and largest tumor volume. Diagnosis was confirmed by two independent pathologists following World Health Organization (WHO) criteria of 2016 22 . Three histological subtypes were identified; classic, D/N, and LC/A. MB patients were assigned to receive one of the following three treatment protocols based on the Children Oncology Group (COG) treatment plans; the repeated twice for 15 minutes each, and then washed twice using absolute ethanol 39 41 . For cases where GAB1 immunoreactivity was <25% of tumor tissue (n = 3), YAP1 was used to confirm SHH tumor classification. Cases negative for β-catenin and GAB1 or YAP1 were classified as non-WNT/non-SHH molecular subgroup. Aggresome cellular localization was detected using vimentin antibody. Slides were examined for the presence of a paranuclear round reaction in the cytoplasm. Accordingly, aggresome-positivity in MB tumor tissues were only considered for cells exhibiting a paranuclear dot of vimentin. Immunofluorescence (IF) was performed to confirm the presence of aggresomes in the established MB CCHE-188 cell line. Cells at passage 10-15 were seeded on coated coverslips with Poly D-Lysine (Merck Millipore, Germany) diluted 1:20 in PBS for 1 hour at room temperature. After 24 hours, cells were fixed with 4% formaldehyde (Sigma Aldrich, Chemie, Steinheim, Germany), permeabilized with 0.25% Triton-X-100 followed by blocking with 10% fetal bovine serum (Life Technologies, CA, USA) for 60 minutes. Cells were then incubated with rabbit anti-vimentin overnight. Cells were then washed 3 times with 1 X PBS, followed by incubation with secondary goat anti-rabbit antibody for 60 minutes at room temperature. Cells were counterstained with 4′, 6-diamidino-2-phenylindole (DAPI) (Abbot Molecular, Des Plains, IL, USA). Images were acquired using LSM 710 confocal scanning laser microscope (Carl Zeiss, Germany). Detailed information of antibodies used are listed in Supplementary Table 4 .
Materials and Methods
Statistical analysis. This retrospective study was designed without priori power analysis. Descriptive statistics were summarized for categorical variables as frequencies and percentages, and for continuous variables as the mean and the median. Statistical comparison of continuous factors was performed using Kruskal-Wallis test.
Overall survival (OS) was defined as the time from diagnosis until death. Event-free survival (EFS) was defined as the time from diagnosis until disease progression, recurrence or death. OS and EFS estimation was performed using the Kaplan-Meier method. Differences between groups in OS or EFS were tested using log-rank tests. Univariate Cox proportional hazard regression analysis was performed for all risk factors. For the multivariate analysis, the following covariates were included; age, histology, molecular subgroups, and percent of aggresomes. For each variable, hazard ratio (HR) was calculated and its 95% confidence interval (CI) was determined. An effect was considered statistically significant if p-value was <0.05, AUC and C-index were calculated to determine the survival-based cut-off for aggresomes. All statistical analyses were performed using R statistical environment (v3.3.2) using survival 42 , survivalROC 43 , dynpred 44 , ComplexHeatmap 45 , and ggplot2 46 packages. For the analysis of patients outcomes only 88 patients were included. Five patients were excluded; 3 patients underwent surgery without proceeding with treatment protocol and 2 patients were excluded as their risk stratification did not meet the inclusion criteria.
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